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ABSTRACT: Reaction of multidentate 5-(4-imidazol-1-yl-phe-
nyl)-2H-tetrazole (L) ligand with Ag(I) ions in the existence of
H3PW12O40 as anionic template under hydrothermal conditions
results in tridecanuclear silver cluster−polyoxometalates hybrid:
{Ag13L12}{PW12O40}4·30H2O (1). X-ray single crystal diffraction
analysis indicates that the main structural feature of 1 is a
nanosized molecular windmill-shaped polynuclear Ag cluster with
intriguing {M@M12}-type cuboctahedral topology. The as-
synthesized compound exhibits effective photocatalytic activity
in the photodegradation of Rhodamine-B (RhB) and antibacterial
activity against Escherichia coli, respectively.

■ INTRODUCTION

Owing to the fascinating topologies and potential development
of new functional materials, construction of polynuclear metal
complexes currently remains one of the most active research
frontiers. With regard to polynuclear silver(I) complexes, the
continuous motivations are driven not only by their rich
coordination chemistry but also by their extensive applications
in luminescence, catalysis, pharmaceutical field, etc.1 During the
past decades, a large number of polynuclear silver(I) complexes
have been prepared with intriguing geometric shapes ranging
from simple triangles, discrete metallamacrocycles, dense
lamellar structures, and spacious cages to more complicated
giant clusters.2 However, in contrast to the sophistication of the
silver alkynyl clusters and silver chalcogenide clusters,1a the
nitrogen-donor multidentate ligand-supported clusters are far
less developed, in particular for those with high symmetry and
high-nuclear geometries.2b,d,3

On the other hand, some anions (halogen, CrO4
2−, SO4

2−,
etc.) usually play an essential structure-directing role in the
syntheses of polynuclear silver(I) complexes.4 In contrast with
those simple anions mentioned above, polyoxometalates
(POMs)5 as unique molecular anionic oxide clusters with
controllable geometric structures, high negative charges, and
excellent physicochemistry properties have been evidenced as
effective templates and charge compensators by Gao and Mak
et al. for the preparation of high-nuclearity silver(I) alkynyl
clusters.6 There have been few examples of POMs templated
polynuclear silver clusters supported by multidentate nitrogen
ligands, such as bizole, tetrazole, and their derivatives; examples
of higher nuclearity and order clusters are very rare. Known
examples include a double calix[3]arene shaped hexamer with

{PMo12O40}
3− template,7a and keggin anion templated chairlike

heptanuclear supported by benzotriazolate ligands.7b

In this article, a multidentate 5-(4-imidazol-1-yl-phenyl)-2H-
tetrazole (L) ligand containing both imidazole and tetrazole
functions was introduced in the synthesis of high-nuclearity
silver cluster by using the “POMs anions directing approach”.
Reaction of L with Ag(I) ions in the presence of H3PW12O40

under hydrothermal conditions produced a tridecanuclear silver
cluster−POMs hybrid: {Ag13L12}{PW12O40}4·30H2O (1). This
compound features the molecular windmill-shaped polynuclear
silver cluster supported by multidentate nitrogen ligands and
using POMs as templates. Its photocatalytic and antibacterial
activities were also investigated.

■ EXPERIMENTAL SECTION
General Procedures and Instrumentations. The H3PW12O40·

xH2O was received from the Sinopharm Chemical Reagent
Corporation Ltd. The ligand 5-(4-imidazol-1-yl-phenyl)-2H-tetrazole
(L) was purchased from Jinan Henghua Company. Other chemicals
used during this investigation were reagent grade and used as received.
Elemental analyses of C, H, and N were examined with a VarioEL
analyzer. Powder X-ray diffraction (XRD) data were collected on a D8
Focus (Bruker) diffractometer at 40 kV and 30 mA with
monochromated Cu Kα radiation (λ = 1.5405 Å). Thermogravimetric
analysis (TGA) was recorded on a Thermal Analysis Instrument (SDT
2960, TA Instruments, New Castle, DE) from room temperature to
900 °C under air atmosphere with a heating rate of 10 °C/min. The
infrared (IR) spectrum was measured within the 650−4000 cm−1

region on a Nicolet iS10 spectrometer with ITR mode. The liquid
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UV−vis absorption spectra were recorded on a 756 CRT UV−vis
spectrophotometer.
Synthesis of {Ag13(L)12}{PW12O40}4·30H2O (1). A mixture of

H3PW12O40·xH2O (0.3 g, 0.1 mmol), AgNO3 (117 mg, 0.68 mmol), L
ligand (0.063 g, 0.3 mmol), and 10 mL of water was stirred for ∼60
min. The resulting milky white solution was transferred to a 20 mL
Teflon-lined autoclave carefully and kept under autogenous pressure at
150 °C for 5 d. After the solution slowly cooled to room temperature,
yellow block crystals of 1 were separated manually from the colorless
impurity, washed with distilled water, and dried at room temperature
for the further characterization. Anal. Calcd for 1: C 13.97, H 0.88, N
9.77. Found: C 14.08, H 0.95, N 9.68%. IR (ITR mode, cm−1): 3441
(w), 3129 (s), 1612 (s), 1503 (s), 1450 (s), 1062 (s), 957 (s), 876 (s),
797 (s).
Photocatalysis. The photodegradation of Rhodamine-B (RhB) is

investigated as model reaction to determine the photocatalytic activity
of as-synthesized 1 and comparable samples under visible light
irradiation. In the typical process, 25 mg of compound 1 (or AgCl,
(NBu4)4{PW12O40}) was mixed together with 100 mL of 1.0 × 10−5

mol L−1 RhB solution in a 150 mL glass beaker by ultrasonic
dispersion for 10 min. The mixture was stirred for 0.5 h to arrive at the
surface-adsorption equilibrium of 1 under the darkness. Three
milliliters of the sample was taken out from the glass beaker as the
initial RhB concentration (C0). The mixture was stirred continuously
under visible light irradiation by using a 300 W high pressure Xe lamp.
The distance of lamp to the glass beaker is ∼15 cm. Three milliliters of
the samples were taken out from the glass beaker at certain irradiation
time intervals. After centrifugations at 8000 rpm for 5 min to
completely remove the powder of compound 1, a clear solution was
obtained. The UV−vis spectrophotometer was used to monitor the
photodecomposition of RhB at 553 nm. The photocatalytic
decomposition rate was defined as 1 − C/C0.
Antibacterial Testing. The Escherichia coli was chosen as model

microorganism to investigate the antibacterial activity of 1. Filter paper
slices with the same size (1 cm) were selected as carriers to absorb 1
(or (NBu4)4{PW12O40}) and also to control samples. The suspensions
of the samples with the concentration of 5 mg/mL were obtained by
ultrasonic dispersion in deionized water for 10 min. Filter paper slices
were dipped into the suspensions (or deionized water for blank
experiments) several times for 1 min and dried. Luria−Bertani (LB)
agar plates consisting of 1% of tryptone, 0.5% of yeast extract, 1% of
sodium chloride, and 2% of agar were sterilized at 121 °C for ∼20 min
and then to put into a Petri dish with ∼3 mm of thickness. A 0.2 mL
aliquot of diluted bacterial suspension of E. coli was taken to spread on
the surface of the nutrient LB agar uniformly. After 30 min, the as-
prepared filter paper slices containing tested samples were placed on
the Petri dish and incubated at 37 °C for ∼12 h. The diameters of
zone inhibition were measured with calipers, and the results were
recorded by camera.
X-ray Crystallography. A suitable single crystal of compound 1

was selected for single-crystal XRD analysis. The data were collected
on a Bruker AXS SMART APEX II diffractometer in the range of
1.20−26.12° at the temperature of 293(2) K using graphite-
monochromated Mo Kα radiation (λ = 0.710 73 Å). Data processing
was accomplished with the SAINT processing program.8 A total of 44
199 reflections were collected, of which 9199 reflections were unique.
The structure of compound 1 was solved by direct method and refined
by full matrix least-squares technique with the SHELXTL 97
crystallographic software package.9 All non-H atoms were located
from a difference Fourier map and refined anisotropically. All the H
atoms of L ligands were added geometrically. Hydrogen atoms were
not found on those solvent water molecules and, therefore, were not
included in the final structure. The crystal data and structure
refinement details of 1 are given in Table 1. Selected bond lengths
and angles are given in Supporting Information, Table S1.

■ RESULTS AND DISCUSSION

Crystal Structure of {Ag13(L)12}{PW12O40}4·30H2O (1).
Single-crystal XRD analyses indicate that 1 crystallizes in

trigonal crystal system with R3̅ space group, with an asymmetric
unit that contains three crystallographic independent Ag(I)
ions, two noncoordinated {PW12O40}

3− anions located on the
3-fold axis, two partly coordinated L ligands, and five water
molecules (Figure 1). Each crystallographically independent
Ag(2) ion lies on the 3-fold axis. The PW12O40

3− anion is one
of the most representative Keggin-type POM, which is
composed by 12 WO6 octahedra surrounding the central PO4
tetrahedron. Three types of coordination environments in Ag
centers have been observed within this {Ag13L12} cluster
(Figure 2a−c). Ag(1) is three-coordinated by nitrogen atoms
from tetrazole moiety of L ligands to form a distorted trigonal
{AgN3} geometry with Ag−N bond lengths ranging from

Table 1. Crystal Data and Structure Refinement for
Compound 1

empirical formula C120H144Ag13N72O190P4W48

M 15 986.06
crystal system trigonal
space group R3 ̅
a/ Å 21.6944(4)
b/ Å 21.6944(4)
c/ Å 51.068(2)
γ/ deg 120
V/ Å3 20 814.9(10)
Z 3
Dc/ g cm−3 3.826
μ(Mo Kα)/ mm−1 20.832
max. and min. transmission 0.7453, 0.5053
F(000) 21 333
crystal size 0.35 × 0.2 × 0.20 mm
θ/ deg 1.20−26.12
data/params 9199/672
obsd reflns 44 199
goodness-of-fit on F2 1.013
R1, wR2

a [I > 2σ(I)] 0.0283, 0.0922
R1, wR2 (all data) 0.0386, 0.1025

aR1 =∑||F0| − |Fc||/∑|F0|, wR2 = {∑[w(F0
2 − Fc

2)2]/∑[w(F0
2)2]}1/2.

Figure 1. Asymmetric unit of the 1 showing the atomic labeling
scheme. Atomic displacement ellipsoids are drawn at the 50%
probability level. (inset) The used {PW12O40} cluster. PO4 is shown
in the tetrahedron mode. Uncoordinated water molecules were
omitted for clarity.
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2.251(8) to 2.282(8) Å. Ag(2) locates in the central position of
the whole cluster and is coordinated by six nitrogen atoms from
the ligands, resulting a {AgN6} octahedron located on the 3-
fold axis with the same Ag(2)−N bond lengths of 2.579(9) Å.
The N−Ag−N angles between two adjacent N atoms are
81.7(2) and 98.3(2)°, respectively. Ag(3) adopts a nearly linear
{AgN2} coordination geometry with N−Ag−N bond angle of
164.8(3) °. The Ag−N bond lengths of Ag(3) are ranging from
2.128(8) to 2.133(8) Å. All of the L ligands in {Ag13L12} cluster
utilize tetrazole functions partly coordinated to three Ag centers
(Figure 2d).
The main structural motif within 1 is the nanosized

{Ag13L12} cluster with the diameter ca. 2.7 nm shows an
intriguing molecular windmill shape. As illustrated in Figure

3a−c, the molecular windmill-shaped {Ag13L12} cluster contains
{Ag13(N3)12} core structure, which is composed by 13 Ag
centers and 12 μ3-bridging multidentate L ligands. Six pairs of L
ligands can be considered as blades of this molecular windmill,
while the central {Ag13(N3)12} core forms the axis. Another
intriguing feature of the {Ag13L12} cluster is its novel metallic
skeleton (Figure 3d), in which 12 Ag ions surround the central
Ag ion to construct a {Ag@Ag12}-type core−shell structure
with the cuboctahedral topology. The formed {Ag@Ag12}
cuboctahedron consists of two {Ag(1)−Ag(1)−Ag(1)} trian-
gular faces, six {Ag(1)−Ag(3)−Ag(3)} triangular faces, and six
{Ag(1)−Ag(1)−Ag(3)−Ag(3)} rectangular faces with the Ag···
Ag separations ranging from 3.579 to 6.133 Å, which is larger
than the van der Waals radius of silver (3.44 Å). Although this
cuboctahedral topology has already been found in many
supramolecular architectures10 and metal clusters11 or some
building blocks in metal−organic framework materials,12 the
{M@M12}-type cuboctahedron has only been found in some
metal crystals with metal−metal interactions, such as
{Pt15Hx(CO)8(P

tBu3)6} cluster containing centered cuboctahe-
dral {Pt13} core caped by two Pt(p-CO)2(P

tBu3) groups
13a and

a ferrocene-protected {Ag13} cluster.13b Hence, compound 1
represents the first polynuclear coordination complex with
{M@M12}-type cuboctahedral topology to the best of our
knowledge.
The {Ag13L12} cluster within 1 adopts hexagonal close-

packed (HCP) mode stacking together along the b axis to
construct supramolecular framework with 58% accessible void
without considering the located POMs anions and water
molecules, as calculated by PLATON software (Supporting
Information, Figure S1).14 Two types of cavities, namely, A and
B, are filled by corresponding POMs templates (labeled by

Figure 2. Three kinds of Ag environments (a−c) and the connection
mode of L ligand (d) within 1. Hydrogen atoms were omitted for
clarity.

Figure 3. (a) The molecular structure of the {Ag13L12} cluster within
compound 1, with the {Ag13(N3)12} core highlighted under thick black
lines. (b) The structural view of the molecular windmill simplified
from the {Ag13L12} cluster. (c) The structural view of the {Ag13L12}
cluster using the packing representation. (d) The metallic skeleton of
the {Ag13L12} cluster with{Ag@Ag12}-type cuboctahedral topology.

Figure 4. (a) View of the crystal structure of compound 1 along the b-
axis. Hydrogen atoms were omitted for clarity. (b, c) The structural
{Ag13L12} cluster within 1. The {Ag13L12} clusters and POMs are given
in the space-filling mode and polyhedral mode with the color of cyan
(A) and pink (B) for clarity.
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different colors shown in Figure 4a). Each {Ag13L12} cluster
surrounds eight POMs anions including six A-type POMs at the
interspaces of neighboring windmill blades and two B -type
POMs in the front faces of the molecular windmill (Figure
4b,c).

The Photocatalytic Activity of Compound 1. Consid-
ering the fact that both Ag complex15 and POMs16 can act as
effective catalysts in various photocatalytic reactions, the
photodegradation of Rhodamine-B (RhB) was chosen as a
model reaction to examine the photocatalytic activity of as-
synthesized 1 under the visible light irradiation. Moreover, the
control experiments were carried out (a) using AgCl and
(NBu4)4{PW12O40} as catalysts and (b) without any catalyst
under the same conditions. During irradiation, gradually
hypsochromic shifts of the maximum absorption peaks of
RhB solutions were observed in the presence of
(NBu4)4{PW12O40} as catalyst (Supporting Information, Figure
S6). This phenomenon is observed in many catalytic systems,
which is attributed to the N-deethylation of RhB to form some
derivatives, such as N,N,N′-triethyl rhodamine and N,N′-diethyl
rhodamine.17 By contrast, the absorption peak of the RhB
solution (553 nm) decreases largely using 1 as catalyst, while
the hypsochromic shifts are considerably insignificant (Figure
5a). Furthermore, the irradiation time dependence of RhB
concentrations was plotted up to 180 min of irradiation (Figure
5b). 1 exhibits the highest RhB degradation rate (nearly 90%)
in contrast with AgCl (12%) and (NBu4)4{PW12O40} (35%)
after 180 min of irradiation. Moreover, the framework of
compound 1 retains well after photocatalysis as proven in the
powder XRD (Supporting Information, Figure S2). The
combination of silver centers and {PW12O40}

3− anions in the
same framework seems to introduce a synergistic effect in
improving the performance of photodegradation of RhB.18

The Antibacterial Activity of Compound 1. Another
intriguing application of Ag complexes is as antibacterial agents
used in the field of chemotherapy.19 Hence, the antibacterial
test against E. coli was investigated. As illustrated in Figure 6,
around the filter paper slices carrying 1, the areas of inhibition
against the bacteria are obvious, and the antibacterial zones for
1 are measured and listed in Table 2. To determine the source
of this antibacterial behavior, various control tests were
performed. Scarcely any inhibition against E. coli bacterial
activity was found in the filter paper slice carrying
(NBu4)4{PW12O40}. The antibacterial activity of 1 is mainly
ascribed to the Ag component. Moreover, the poor solubility of
this compound makes it potentially useful as a solid
antibacterial agent.

■ CONCLUSIONS
In summary, a nanosized molecular windmill-shaped poly-
nuclear Ag cluster with the intriguing {M@M12}-type
cuboctahedral topology has been synthesized by using the
POMs anion as template for the first time. Moreover,

Figure 5. (a) Absorption spectra of the RhB solution during the
photocatalytic decomposition reaction under visible light irradiation
with the use of 1 (λmax = 553 nm). (inset) Optical photograph of RhB
solutions at 0 and 180 min. (b) The curves of RhB concentration
versus irradiation time in the range of 0 to 180 min with the use of
AgCl (black), (NBu4)4{PW12O40} (red), 1 (blue), and blank (teal)
under the same reaction condition.

Figure 6. Optical photograph of antibacterial tests of 1, with
(NBu4)4{PW12O40} and nothing added.

Table 2. Antibacterial Zones for 1 and the Contrastive
Samples

width of the antibacterial E. coli zone/ mm

sample dshort dlong daverage

1 0.8 4.1 2.5
1 2.5 3.3 2.9
(NBu4)4{PW12O40} 0 0.8 0.4
(NBu4)4{PW12O40} 0 0.6 0.3
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compound 1 exhibits effective photocatalytic activity in
degradation of RhB under visible light irradiation and also
antibacterial activities against E. coli. The successful preparation
of 1 proves that the “template-directing approach” is an
effective method not only to form high-nuclearity metal
clusters, but also to obtain novel hybrids with synergetic
functions.
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